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The Aluminium extrusion is a high temperature process used to produce semi-finished 
products in the form of bar, strip and solid sections as well as hollow sections. Extrusion 
processing includes a plastic deformation in which a billet, typically cylindrical, is forced by 
a stem to pass through a die with a cross section generating the shape of the extruded piece. 
Due to the severe processing conditions and complex mechanical loading, the die is 
considered as the most critical element of the extrusion equipment. 
The thermo-mechanical loading and the continuous contact between the tool and the 
aluminium enhance the risks of wear and fatigue failures. The alternation of tensile and 
compressive stresses, acting on specific zones of the die, such as sharp corners and/or section 
changes, represents one of the most common causes of the fatigue failure. A second 
significant failure is associated to friction damage on the bearing surfaces which is defined as 
a progressive wear of the die material.  
Different researches have been performed with the objective to increase die life and reduce 
the connected ratio die cost/kg extruded. Improving die stability can also generate significant 
profit through process reliability and productivity increase as well as product quality 
stabilization (surface, dimensions). 
A so-called “Modular” extrusion die was designed by Hydro Aluminium and prototypes 
were tested. For this innovative die, the part subject to strong thermo-mechanical (First 
module) loading was made with a Nickel-based Superalloy (Ni-SA) whereas in the bearing 
zone (Second Module), the insert was manufactured with a wear resistant material (such as 
high speed tool steel, hot working steel or precipitation hardened steel) optimised by the 
application of a specific coating. In particular, Inconel 718 was selected as the appropriate 
candidate material for the bulk structure, able to combine excellent tensile, fatigue, creep and 
rupture strength in the range of temperature where the die operate (almost 550° C). 
The aim of this PhD work is to contribute to the development of die materials for 
aluminium extrusion, for a continuous improvement of the productive capabilities of Hydro 
Aluminium to achieve a leadership in industrial products within a global market. 
Even tough the “Modular Extrusion Technology” has recently shown important benefits and 
good results in extrusion practice, this application is still at an early stage of its potential 
exploitation. The originality of the present work stands on the development of an optimized 
Inconel 718 alloy, with thermo-mechanical and microstructural tailored properties for a 
specific application, that is bulk material for extrusion die.  
From this point of view, two possible research strategies can be explored: 
- The investigation of the impact of the extrusion process such as extrusion speed, 
billet length, thermo-mechanical loading on the mechanical behaviour of the bulk 
material, the so called Material Extrinsic Parameters. The cyclic alternate tensile 
and compressive stresses are simulated using isothermal Low Cycle Fatigue (LCF) 
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tests giving information on the various damage mechanisms occurring in the die. 
- The optimization of the Inconel 718 properties to improve its strength under 
extrusion loading. This second objective could be achieved by modifying the 
Material Intrinsic Parameters such as grain size, precipitates morphology through 
thermo-mechanical treatments in order to adapt the material to the specific 
conditions imposed by the extrusion process. 
The manuscript is organized in five sections. 
 Chapter I discuss the fundamentals of the extrusion process, focusing on the die technology 
and presenting in detail the concept of “Modular Extrusion die”. 
  A literature review about Inconel 718 is reported in Chapter II to give a synthetic 
description of the wide variety of researches that have been previously carried out on this 
material. This preliminary chapter is considered as a pertinent support for the interpretation 
of the experimental results that will be reported in the second part of the manuscript.  
Chapter III includes a detailed description of the research strategies adopted for the 
metallurgical optimization of the alloy. A presentation of the different experimental methods 
used for the metallurgical and mechanical characterisation of the alloy is reported. 
The fatigue behaviour of Inconel 718 is analysed in Chapter IV under various LCF 
conditions. Different examples of tests are carried out in order to define a cyclic model prone 
to evaluate the stress-strain state in an extrusion die. In addition, a series of strain-controlled 
low cycle fatigue tests is conducted to investigate the impact of various parameters on the 
behaviour of the material. Namely, focus is placed on the influence of the extrinsic 
parameters such as the cycle frequency, the strain rate, the holding time under load and the 
stress relaxation. A fractographic method, based on microscopical investigations, is proposed 
in order to predict the crack growth rate of prevalent cracks under LCF conditions. 
Alternative heat treatments, in addition to the standard procedure, are proposed in Chapter 
V where their mechanical properties have been assessed by tensile tests. Each modified 
thermal treatment is defined by a series of parameters (time, temperature, cooling rates), 
whose choice is related to a detailed study of the correlation between microstructure and 
mechanical properties. This investigation is based on the understanding and modelling of the 
various steps of the heat treatment process, taking into account the evolution of the so-called 
material-intrinsic parameters. 
Finally, some concluding remarks are reported in order to resume the main results of the 
research focused on the understanding and the improvement of the mechanical behaviour of 
the tool bulk material (Inconel 718). Specific suggestions and additional outlooks, from a 
scientific and industrial point of view, are discussed in order to further increase die life, 
process stability and later on press productivity. 
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" Una volta aver provato l'ebrezza del volo, quando sarai di nuovo coi piedi per 
terra, continuerai a guardare il cielo." 
 
Leonardo da Vinci 
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Chapter I: State of the art and scope of the research work 
 
II Fundamentals of Extrusion 
II.1 Introduction 
Aluminium extrusion is a high temperature process used to produce semi-finished products 
in the form of bar, strip and solid sections as well as hollow sections. The technology is 
based on a relatively simple concept of material forming, but it may be influenced by a series 
of failures that could affect the quality of the product and the efficiency of the process. For 
these reasons, the extrusion process is developing rapidly with the intent to lower the cost of 
production and simultaneously improve productivity.  
During the last ten years an important research work was done regarding process control: a 
particular attention was given to the optimisation of the metal flow and to the development of 
new alloys able to show improved extrudability and secure higher mechanical properties. 
Today, research is also directed towards die technology: an important effort is made both to 
understand friction phenomena between dies and materials to extrude and test the benefit of 
employing alternative bulk die materials. 
This first section discusses about the fundamentals of the extrusion process, focusing on 
the die technology and presenting a new concept of tooling that becomes a motivating 
challenge for this industry.   
II.2 The Hot Extrusion Technology 
Extrusion processing includes a plastic deformation  in which a billet, typically cylindrical, 
is forced by a stem to pass through a die with a cross section generating the shape of the 
extruded piece [Saha,2000]. Generally, the extrusion technology can be divided into two 
main type: 
• The direct extrusion: where the billet is forced to pass through a die with a defined 
accurate shape. 
• The indirect extrusion (or backward extrusion) where the die is pushed through the 
metal in order to form the extruded product. 
Chapter I: State of the art and scope of the research work 




Figure I. 1 : Schematic representation of the Extrusion process. [Dwight,1999] 
As described before, the stem gives the required pressure to force the metal to flow 
through the cavity of the die. Its movement, normal to the die surface, is controlled by a 
cylindrical piece of steel, the dummy block, which is put on the top of the ram in order to 
transfer the full press force to the billet. Before being formed, the material passes through 
heated cylinders, called containers, surrounded by layers of induction coils to control the 
billet temperature (Figure I. 1) [Bauser et al.,2006].  
Tooling is of primary importance for the overall quality of the extruded profile. There are 
two types of extrusion tooling, depending on the cross section dimensions of the final 
product: 
• Flat dies: they are employed for direct external shape extrusion concerning all 
extrudable metallic alloys (Figure I. 2). These dies can be equipped with a feeder 
plate; consisting of a solid tool put in front of the flat die and designed to produce a 
section larger than the billet. The extrusion process is then divided into two 
successive steps: in the first step,  the billet is moved from the container to the 
feeder plate where it is expanded; in the second step the material is forced to pass 
through the die to achieve the final shape [Bauser et al.,2006].  
 
(a)                                                                                                        (b) 
Figure I. 2 : Assembly of the tool set (a) for the production of solid sections and example of flat extrusion 
die (b) with three shape forming apertures for the extrusion of aluminium alloys. [Bauser et al.,2006] 
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• Hollow dies: they are used for the production of hollow sections and thin wall tubes 
characterized by long lengths (Figure I. 3). In this case, the billet is divided into 
several metal streams, under the application of high pressure, and then joined 
together in a specific part of the die surrounding the mandrel, called welding 
chamber. The hollow die consists of two pieces: an upper part and a lower part. The 
upper part (Porthole), characterized by the presence of a mandrel, takes part in the 
formation of the inner shape of the extruded section, and the lower part (Die Plate) 
serves to generate the external profile. The mandrel is joined to the porthole by 
bracket supports called bridges [Xianghong et al.,2006]. The die geometry is 
designed in order to minimize the path of the material streams to avoid any 
atmospheric contaminations.  
     
(a)                                                                    (b) 
Figure I. 3 : Single cavity two parts porthole (a) die with six ports to produce aluminium hollow sections 
[Bauser et al.,2006] and schematic representation (b) of the welding  chamber of a hollow die 
[Saha,2000]. 
In general, the extrusion die is located in a holder designed with a specific diameter as a 
function of the die dimensions. For the production of solid shapes, it is better to employ a 
backer as a support tool in order to reduce the risk of fracture or collapse. 
All types of dies have a bearing surface onto which the profile takes its final shape. The 
geometry and the surface conditions of the bearing influence significantly, together with 
other parameters, both product quality and extrusion productivity. It is obvious that these 
zones are subjected to high tribological loading those results in die loss of performances. 
The extrusion parameters, such as ram speed and billet pre-heat temperature are directly 
dependent on the type of alloy. Saha [Saha,2000] gives an example of  typical extrusion 
parameters for common aluminium alloys (Table I. 1). It is important to underline that the 
extrusion conditions, especially the exit speed and surface quality, are fully dependent on the 
complexity of the shape. A detailed control of each parameter can reduce the defects in the 
final product; such as blisters or cracking.  
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Table I. 1 : Typical values of billet temperatures and extrusion speed of extruded aluminium alloys. 
[Saha,2000] 
Practically, the die and the tooling supports (backer and holder) must be pre- heated in 
specific ovens located in the vicinity of the extrusion press (Table I. 2). This practice has two 
main objectives: the first one is to avoid any heat loss at the beginning of the extrusion 
process, the second is to achieve a specific toughness to avoid early fracture. The following 
table reports some examples of preheating parameters employed in extrusion processing.  
After pre-heating, the die is quickly transported and assembled into the holder of the 
extrusion press. After extrusion of a specific profile, especially for hollow dies, the tool is 
removed and uniformly cooled before being cleaned in a bath of hot caustic soda.  
 
Table I. 2: Preheat temperature and times for aluminium extrusion tooling. [Bauser et al.,2006] 
These preliminary remarks on the fundamentals of the extrusion technology highlight the 
importance and the complexity relative to the choice and design of an extrusion die. A well 
defined hot working material and a specific heat treatment must be employed to ensure a 
long service life validating some specific requirements such as: 
• Toughness at high temperature; 
• High mechanical resistance at high temperatures (Yield strength, creep and fatigue 
resistance); 
• Hot wear resistance; 
• Thermal conductivity; 
• Corrosion and oxidation resistance. 
The validation of these specific requirements guarantees an optimal extrusion speed and an 
appropriate quality of the product based on a dimension stability and shape accuracy. 
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II.3 Hot work steels for extrusion dies: state of the art. 
Due to severe processing conditions and complex mechanical loading, the die is 
considered as the most critical element of the extrusion equipment [Reggiani et al.,2010]. 
Significant focus and attention is paid in die development activities. From a material point of 
view, the hot work tool steel grades are still today considered to represent 90% of the total 
extrusion die consumption. The expression “Hot working tool steels” cover a large class of 
alloyed steels which are dedicated to different industrial applications for the hot working of 
metallic materials. In general,  AISI H11 and H13 steels and their related grades are 
employed for aluminium extrusion tooling [Gutovskaya,2003]. These steel grades belong to 
the class of 5% chromium hot work steels. Chromium confers to the material good 
hardenability and temper resistance at the high working temperatures. The composition of the 
steels, traditionally employed for extrusion  tooling, is reported in Table I. 3 : 
 
Steel Designation Alloying Elements 
[DIN] W.Nr AISI C Si Mn Cr Mo Ni V 
X36CrMoV5-1 1.2340 H11 0.36 0.35 0.36 5.06 1.25 0.06 0.49 
X37CrMoV5-1 1.2343 H11 0.37 0.92 0.49 5.05 1.25 0.20 0.47 
X40CrMoV5-1 1.2344 H13 0.40 1.0 0.4 5.3 1.3 - 1.0 
X55NiCrMoV7 1.2714 L6 0.55 0.25 0.8 1.1 0.5 1.65 0.1 
Table I. 3:Chemical composition of Hot Work Steels. [Delagnes,1998] 
AISI H11 steels are used because they exhibit high tensile strength at elevated temperature 
and a good fracture toughness as well as thermal conductivity (26-29 Wm-1K-1 at 200-
600°C). 
X55NiCrMoV7 steel is characterised by high fracture toughness and an elevated ductility 
at high temperatures (mechanical shock resistance). Its application, anyway, is limited by the 
hardness decrease at temperature closed to 400-500°C.[Oudin,2001] 
The alloying elements, such as Mo and V are employed to obtain the required high 
strength at the working temperatures, limiting softening mechanisms. In general, these 
elements react with the carbon to form carbides like M7C3, M23C6, M6C and MC, where M is 
the metal alloying element. The distribution of carbides, especially at grain boundaries,  must 
be carefully controlled to achieve a uniform toughness through the bulk of the tool. For this 
reason, the production methods for hot working steels have been improved by the use of the 
electro-slag remelt steel-making process (ESR) which ensure, on top of a good control of 
impurity levels, a fine and uniform grain structure. 
The basic operations of heat treatments of hot work steels are divided into four specific 
stages: annealing, austenitization, quenching and tempering. The heat treatment is the most 
important and correlatively the most complex step in the manufacturing of an extrusion die. 
Whereas solid extrusion dies are commonly manufactured from heat treated steel blanks, 
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hollow dies can be rough-machined from annealed hot working steels.[Bauser et al.,2006] 
For this reason, an annealing treatment is performed at a temperature prone to release 
residual stresses and obtain a uniform distribution of globular carbides before manufacturing 
starts.[Delagnes,1998] 
Afterwards, an austenitization temperature in the range 990-1030°C is employed to ensure 
a complete transformation of the ferritic structure. Cooling from the austenitizing 
temperature must be quick enough to minimize the formation of bainite that tends to 
embrittle the material causing a premature cracking. After quenching, the structure is 
unstable and brittle: steels must be tempered to achieve the targeted mechanical properties 
(such as toughness). A two-stage tempering is commonly employed for the hot work steels. 
The first stage is run at a temperature in the range 550-600°C in order to induce a complete 
transformation of the residual austenite in secondary martensite and an increase in the 
toughness. The second tempering temperature (higher than the first one) is chosen according 
to the required hardness: this process guarantees the thermal stress release and the 
precipitation of uniformly distributed secondary carbides prone to improve the mechanical 
properties. Note that in the case of X55NiCrMoV7 only one tempering is performed as the 
material shows a continuous decrease of hardening during this final treatment.  
Table I. 4 and Table I. 5 report, respectively, the heat treatment procedures selected for the 
traditional hot work steels and the resulting mechanical properties measured at room 
temperature. 
 
Steel Austenitization First Tempering Second 
tempering 
Hardness (HRC) 
875°C/1h/OIL 605°C/3h/ AIR - 42 X55NiCrMoV7 
875°C/1h/OIL 511°C/2h/ AIR - 47 
900°C/1h/AIR 550°C/2h/ AIR 625°C/2h/ AIR 42 
900°C/1h/AIR 550°C/2h/ AIR 610°C/3h/ AIR 44 
900°C/1h/AIR 550°C/2h/ AIR 601°C/3h/ AIR 47 
 
X37CrMoV5-1 
900°C/1h/AIR 550°C/2h/ AIR 590°C/2.4h/ AIR 50 
Table I. 4 : Table: Typical heat treatment for traditional hot work steels. [Delagnes,1998; Oudin,2001] 
Steel Rp0.2 [MPa] UTS [MPa] Hardness (HRC) 
X55NiCrMoV7 1100 1280 42 
1100 1333 42 
1200 1451 44 
1335 1584 47 
 
X37CrMoV5-1 
1431 1733 50 
Table I. 5 : Room temperature mechanical properties of hot work steels [Delagnes,1998].  
Today, all extrusion dies are subjected to surface hardening and treatment in order to 
obtain a more uniform bearing surfaces and reduce wear damage. Nitriding is used since 
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many years to increase surface hardness. It consists in a  simple diffusion of nitrogen at the 
surface of the die: the thickness of the diffusion zone range between 130 and 160 µm 
depending on the composition of the alloy. 
Recently, CVD or PVD coatings, with titanium and chromium carbide as well as 
aluminium oxide, applied on the surface of extrusion tooling, have significantly improved die 
life. [Björk et al.,2001] 
II.4 The extrusion cycle and die loading 
The direct extrusion is the most frequently employed extrusion process. The material is 
loaded as form of billet and put into the container where it is pushed, by the ram, through a 
stationary die. 
During a typical extrusion cycle, the ram force can be split into two components: 
1. The Frictional Load (FR): that is consumed to overcome the container friction. 
2. The Forming Load (FM): governed by section shape and die design and employed 
to form the material. 
The last one could be considered stable over the ram stroke, whereas the frictional load 
varies with the ram position. Depending on the billet length, the container friction force is 
typically 30-40% of the maximum ram force [Oftedal,1998].  
 
Total Extrusion Force= FM+ FR 
 
The load displacement graph, reported in Figure I. 4, shows that a significant extrusion 
load is needed to start the cycle, due to the shear stress along the whole length of the billet. 
As the stem moves forward, the area over which the friction acts is reduced as the billet 
becomes shorter. The reduction of the frictional component,   over the press cycle, represents 
the reduction of the press force, as shown in Figure I. 4 (red curve).  
 
 
Figure I. 4 : Ram Force variation over the stroke.[Oftedal,1998] 
Although the forming load is considered constant during an extrusion stroke, the stress 
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distribution through the tool is not uniformly distributed. For this purpose, finite element 
analyses of hollow dies were carried out by Hydro Aluminium in order to point out the strain 
and stress response of the tool. All calculations were obtained using an isotropic hardening 
model and considering an evolution of the cycle with time. The “Beginning of the cycle” 
represents the instant when the billet starts flowing through the die, the “End of the cycle” is 
the extrusion of the final part of the billet and the “Dead cycle” stands for the unloading 
process time. Figure I. 5 shows that the deformation mode, emphasized by a bending 
behaviour, seems to be quite similar at the beginning and at the end of the cycle. The 
deformation is dominated by the billet pressure exerted on the porthole: this loading 
predominantly acts on the portholes bridges generating a bending moment (red and black 




Figure I. 5 : Deformation behaviour during Extrusion cycle. [Dossin,2010] 
 
Figure I. 6 reports some calculations experienced on the porthole at the beginning (a) and 
at dead cycle (b). These analyses demonstrate that during the cycle (start and end cycle), the 
zone of transition between the bridges and the mandrel exhibits stress concentrations well 
above the yield strength of the material (called “Hot Spots”) generating a plastic deformation. 
During the dead cycle, Figure I. 6 (b), the plastic strained hot spots are compressed when 
the tool is unloaded due to the elastic energy stored in the adjacent material. [Lange,1998] 
Chapter I: State of the art and scope of the research work 
      
 
19 
    
(a)                                                                                           (b) 
Figure I. 6 : stress distribution in die at the “Start” of the cycle (a) and at the “Dead of the cycle” (b) 
These fluctuating stresses (tension/compression) become cyclic when multiple billets are 
extruded. In general, the extrusion stroke corresponds to cumulative loading/unloading cycles 
at a frequency 1-5 billets shaped every 10 min. For these reasons, the die is submitted to a 
typical low-cycle fatigue regime at a temperature that remains generally stable in the range 
450-580°C. The extrusion tooling is then subject to a combination of thermal and mechanical 
loads that enhance the occurrence of damaging processes, namely low cycle fatigue and 
creep [Reggiani et al.,2010].  
The cyclic alternate tensile and compressive stresses are simulated using Low Cycle 
Fatigue (LCF) tests conducted in a reversed total strain control. In such a way, the 
mechanisms of cyclic plasticity; enhanced by softening mechanisms at peak stress, can be 
evaluated in order to be close to the loading conditions of dies in service. 
A trapezoidal waveform (Figure I. 7) was adopted as reference signal. The symmetric 
cycle is provided with an holding time (150s), at maximal strain, to assess for the extrusion 
loading conditions and a steady time (20s), at minimal strain, to take the unloading into 
consideration. The results of the experimental tests will be discussed in Chapter IV. 
 
Figure I. 7 : Schematic representation of the reference cycle for LCF tests under extrusion conditions. 
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II.5 The failure mechanisms of the aluminium extrusion dies 
Fracture is one of the principal failure modes for extrusion dies and tooling: as mentioned 
before, the thermo-mechanical stresses act in a cyclic way, while the aluminium friction on 
the die surface induces wear damage on the bearing area. For this reason, the most common 
modes of in-service failure are fatigue, wear and deflection.[Qamar et al.,2008] 
A statistical study about the relationship between die profile and modes of failure, 
presented by Arif [Arif et al.,2003], led to the conclusion that fatigue fracture is the main 
failure mode for all die shapes. 
Typical fatigue failures are located at high stress concentration zones such as sharp 
corners, section changes or porthole bridges which are the most critical parts in the die. In 
this case, fracture initiation is not necessarily related to macroscopic defects in the material, 
but it is instantaneously followed by a rapid crack propagation. Specific microscopic 
investigations, reported by Hydro [Lange,1998], pointed out that this kind of “in service” die 
fracture  lead to a sudden change of the wall thickness on the last extruded profile. The hot 
stress cracks extend as a network under the tool surface: this crack propagation is aided by 
the temperature differences between the core and the surface of the die that occur during the 
extrusion cycle. The presence of high stresses, combined with high stress-concentrations, 
lead to crack propagation and failure. 
The second most significant failure is associated to friction damage, on the bearing 
surfaces, which is defined as a progressive wear of the material. The exposure to high 
temperature combined with friction between the extrusion material and the die enhances the 
development of adhesive and abrasive wear mechanisms. The formation of an adhesive layer 
is due to the high tendency of the aluminium to adhere on the steel surface, especially when 
the temperature increases. The layer is particularly rich in magnesium, aluminium, iron and 
silicon: the production of Fe-Al intermetallic compounds induces a continuous dissolution of 
the tool and a consequent failure.[Gutovskaya et al.,2004] 
Other kinds of extrusion die failures include the deflection of the tool due to an excessive 
plastic deformation: the bending forces, acting on the hollow die, could lead to a 
displacement of the mandrel pole which can induce for instance an eccentricity defect on the 
rounded tube profile. 
 
III The modular extrusion die: a new concept of extrusion 
tool 
As discussed above, there is large variety of failure modes that can strongly limit the life 
and the efficiency of the extrusion tools. In the last few years, different developments to 
improve extrusion die performance were proposed by Hydro Aluminium, addressing the 
damage mechanisms of the die from a material selection and surface treatment point of view. 
Surface treatments for die bearing address mostly wear issues employing specific CVD 
system in use since more than ten years. Over the last five years, different activities were ran 
with the objective to improve die performance considering both failure modes from a die 
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bulk material and surface treatment selection point of view. The main objective of these 
activities is to increase die life and reduce directly the connected ratio die cost/kg extruded. 
Improving die stability can also generate significant profit through process reliability and 
productivity increase, as well as product quality stabilization (surface, dimensions). 
In 2004, Hydro Aluminium Automotives Structures proposed a solution to limit the 
frequent failures of dies employed to extrude the 7000 series aluminium alloys. This 
innovative approach was based on the employment of various materials, with specific 
tailored properties, in different parts of the die.[Pasqualon,2010] 
A so-called “Modular” extrusion die was designed and prototypes were tested. For this 
innovative die (see Figure I. 8 ), the area with strong thermo-mechanical (First module) 
loading was made with a Nickel-based Superalloy (Ni-SA) whereas in the bearing zone 
(Second Module), the insert was manufactured with a wear resistant material (such as high 
speed tool steel, hot working steel or precipitation hardened steel) optimised by the 
application of a specific coating. 
 
Figure I. 8 : Modular Concept of Extrusion Die. 
The introduction of this new concept of die brings various industrial and technological 
benefits. The employment of a stronger material, in the load carrying body parts, improves 
the die life and allow a higher productivity for extremely complex extrusion profiles and hard 
to extrude alloys. The application of hard coatings on wear affected parts reduces the die 
maintenance actions and improves the surface quality of the extruded product, due to the low 
roughness of the bearing surfaces and to the improved flow characteristics. 
[Kindlihagen,2008] 
For large section of 7000 series alloys several thousands of billets can be extruded with the 
same die. This result induces significant savings through die cost/kg massive reduction (die 
purchasing), scrap rate reduction (process capability improvement), die maintenance and 
cleaning cost reduction (die shop force and caustic cost) and a first contribution in 
productivity improvement through speed increase for all dies running. 
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The modular die was initially employed for the extrusion of automotive components. This 
industrial sector is characterised by an important volume of given sections which values long 
lasting extrusion dies. 
In 2010, the modular die concept was employed, for the first time, in the Hydro Precision 
Tubing division to produce aluminium round tubes.  Significant die life increase as well as 
process stability improvement have been achieved.[Pasqualon,2010] 
The use of superalloys stands for a critical aspect of the Modular Die idea: these materials 
show high mechanical performances (creep and fatigue) at high temperature and good 
corrosion and oxidation resistance. For these reasons, they are known to be superior to the 
traditional hot work tool steels.   
In particular, Inconel 718 was selected as the appropriate candidate material for the bulk 
structure: this alloy is the main wrought superalloy used in various industry 
[Gutovskaya,2003]. It is able to combine excellent tensile, fatigue, creep and rupture 
strength in the range of temperature where the die is operating (almost 550° C) [Special 
Metals]. Inconel 718 is also less expensive than different other superalloys such as 
Wespalloy and Udimet mostly because of its extensive worldwide usage in the Aeronautic 
and oil and gas fields. However some challenges are existing: manufacturing of Inconel 718 
is very difficult and its thermo-chemical resistance to Al corrosion is low which forces the 
choice of another material for the bearing area.  
The mechanical performances of this material will be investigated in this work and a 
particular study of the fatigue properties will be reported in Chapter IV. 
III.1 Investigation of a real case of tool fracture 
The service life of an extrusion die has a strong impact on the quality, efficiency and cost 
of a given extruded profile. The number of maintenance interventions (Die correction, 
Welding repair, die scrap), caused by tool defections, contributes to the commercial viability 
of the production. Generally, a die failure is declared when the tool has become completely 
inoperable or when it is unable to ensure its specific functions due to an advanced 
degradation:  for this reason, the analysis of failure cases is a very important way for 
improvements in process economics and operating procedures. [Kazanowski,1998; Akhtar 
et al.,2010] 
Figure I. 9 shows a detail of the fracture of an Inconel Modular extrusion die which was 
employed by Hydro Aluminium for the hot-extrusion of thin walled car bumpers of high 
strength aluminium alloys, from the A7000 series. A preliminary crack initiation was 
detected after the extrusion of 585 billets has been completed, the die was weld repaired and 
a new repair was required following the extrusion of 120 billets more, before being 
considered “out of service “.  
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Figure I. 9 :: The fractured part of the die 
The tool exhibited a large crack in the transition bridge to the mandrel, where the bulk 
material is subject to high stress concentration, which induces a localised plastic deformation. 
As reported by previous investigation [Gutovskaya,2003], the crack propagated along 40 to 
60 mm and it was stopped by the increased width of the bridge closed to the mandrel, where 
the stress concentration is lower. 
The crack was opened in order to investigate the fracture surfaces. A preliminary 
macroscopic analysis showed a flat surface with no necking, whereas a more detailed 
microscopic examination, performed by SEM, revealed the presence of fatigue striations with 
an average spacing of about 0,3-0,5 µm [Kazanowski,1998]. 
 
Figure I. 10 : SEM investigation of the fracture surface showing typical fatigue striations.  
Considering the principal stress vectors, reported in Figure I. 11 and calculated by FEA in 
the die zone closed to the crack, it is assumed that the crack grew in length along a direction 
inclined by 45 degrees (high shear stress planes) with respect to the principal stress vector σ1 
(Red arrows S1). 
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Figure I. 11 : Principal Stresses Vectors in the transition bridge of an hollow die. 
This last detail confirms the hypothesis of a fatigue failure: the crack propagates long 
direction of fatigue propagation in Stage I. No evidence of intergranular fracture, possibly 
related to the coupled effects of the cyclic loading with the service environment, was 
detected. 
The present investigation points out that fatigue is the relevant failure mode for Hollow 
extrusion die. The adoption of the modular concept has strongly delayed the occurrence of 
fatigue damage, considering that in some traditional steel dies only 25 billets were extruded 
before fracture initiates. However, the cyclic tensile/compressive mechanical loading is still a 
limiting factor for the die life. 
For this reason, an important research activity, focused on the understanding and the 
improvement of the mechanical behaviour of the tool bulk material (Inconel 718) will be led 
in order to further increase die life, process stability and later on press productivity. A 
detailed description of the research objectives is given in the next paragraph. 
 
IV Outlooks and Objectives of the project 
In a traditional aluminium extrusion process, the tool is subject to extreme working 
conditions that strongly influence its service life: the variety of loading components, in terms 
of thermo-mechanical loading, and the continuous contact between the tool and the 
aluminium enhance the risks of wear and fatigue failures. The process of hot fatigue damage, 
during the extrusion operations is due to the alternation of tensile and compressive stresses, 
acting on specific zones of the die. This represents one of the most common cause of die 
failure, having detrimental impacts on the process efficiency especially through die cost 
[Subodh,2004]. 
In this economical challenge, the Modular Extrusion die is an innovative idea prone to 
improve die life and simultaneously reduce the directly connected costs. The application of 
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high performing material, Inconel 718, with thermo-mechanical and microstructural tailored 
properties stands for the technological step change. Even tough the technology has recently 
shown important benefits and good results in extrusion practice, this application is still at an 
early stage of its potential exploitation. 
A more detailed knowledge on the mechanical behaviour of the bulk material, under 
extrusion conditions, might support further improvements of performances ensured by the 
modular die. From this point of view, two possible research options can be explored: 
1. The investigation of the impact of the extrusion process such as extrusion speed, 
billet length, thermo-mechanical loading on the mechanical behaviour of the bulk 
material, the so called Material Extrinsic Parameters.  
2. The optimization of the material properties to improve its strength under extrusion 
loading. This second objective could be achieved by modifying the Material 
Intrinsic Parameters such as grain size, precipitates morphology through thermo-
mechanical treatments in order to adapt the material to the specific conditions 
imposed by the extrusion process. 
The material development becomes the first step in increasing productivity and efficiency 
of an extrusion die. This represents the main objective of this study that will be addressed by 
a multidisciplinary approach including metallurgical, chemical and mechanical experiments. 
In the last fifty years, considerable studies have been performed to address the cyclic 
behaviour of Inconel 718. This material, is employed in various industrial applications 
because of its high performances at elevated temperature. 
The originality of the present work is based on the development of an optimized Inconel 
718 alloy for specific applications, that is bulk material for extrusion die: which represents a 
technological jump in the employment for this superalloy in the field of tools. 
From the scientific point of view, the isothermal Low Cycle Fatigue (LCF) tests are 
considered as the most representative testing facilities of the thermo-mechanical loading 
acting on the tool: various LCF conditions (strain amplitudes and strain rates) were so 
examined in order to address the various damage mechanisms occurring under cyclic 
solicitations. 
The objective of this PhD work is to contribute to the development of die materials for 
aluminium extrusion for a continuous improvement of the productive capabilities of Hydro 
Aluminium to achieve a leadership in industrial products within a global market. 
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Nickel-based superalloys have been developed during the last 50 years in order to satisfy 
the different service requirements concerning, above all, the aeronautical and energy 
applications. 
The aim of this literature review is to give a synthetic view of the wide variety of 
researches that have been previously carried out, in order to understand the mechanical and 
microstructural properties of the alloy. This preliminary chapter  is considered as a pertinent 
support for the interpretation of the experimental results that will be reported in the second 
part of the manuscript (Chapter IV and Chapter V).  
In the first part of the chapter, attention is focused, prevalently, on the review of the main 
microstructure dependent effects relative to:  
• the  alloying elements; 
• the secondary phases and their strengthening effects; 
• the thermal treatment parameters. 
The second part deals with the mechanical properties of the alloy, with a particular interest 
on the cyclic behaviour. An examination of the main microstructural degradations associated 
to cyclic loading will be discussed in details, pointing out their effects on the global fatigue 
performances. 
In the description of the different topics, a particular attention will be given to the 
alternative solutions (alternative thermal treatments, composition changes, forming 
processes) that were proposed by previous works in order to extend the domain of application 
of Inconel 718. 
 
VII The nickel based superalloys 
The nickel base superalloys represent a class of material that were developed to fullfill a 
need for stronger and more corrosion resistant alloys for high temperature applications. 
These superalloys associate a good workability (castability, thermal treatment sensitivity, 
machining, coating…) to a high mechanical strength at elevated temperature, typically above 
540°C, where the standard hot work materials (Steels, Titanium alloys, copper..) fail to 
operate [Guedou,2009].  
These outstanding properties are obtained by a structural hardening within a FCC solid-
solution matrix mainly strengthened by the addition of Aluminium, Titanium, Tantalum 
combined with nickel forming intermetallic γ’ phases  (LI2). The nickel chromium matrix is 
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very beneficial as nickel, in contrast to iron and titanium matrices, does not show allotropic 
transformations that might destabilize the structure, especially at high temperatures. The 
trend to form adherent thermally growth oxide (TGO) guarantees a good resistance against 
environmental attack by harmful elements such as oxygen and sulfur.[Decker,2006] 
The hardening γ’ phase shows a rapid and homogeneous growth in the range of 12-300 
nm: the slight lattice mismatching with the matrix increase the resistance to the dislocation 
movement, limiting the deformation process under high loads. In addition, the face-centred-
cubic (fcc) crystal structure generates multiple slip systems assuring a good ductility and 
formability with minimum texturing. [Decker,2006] 
Typical application of nickel base superalloys is the aerospace, industrial gas turbine and 
marine turbine industry, where the service temperature is closed to the melting point of the 
material. In addition, their high strength, coupled with a good corrosion resistance, allows 
their application in the biomedical field. 
The future development of the nickel base superalloys will be focus on the optimisation of 
their general properties to fit a specific application or process [Donachie,2002]: this is the 
challenge that we are concerned with, for the present work, in order to optimise the material 
to the specific solicitations imposed by the extrusion process. 
 
VIII Metallurgy and composition of Inconel 718 
Inconel 718 is a nickel base superalloy initially introduced by Herbert Eiselstein in 1959. 
Concerning chemical composition, this material differs from the other Ni base alloys as it 
contains iron (18%), which influences the precipitation process and some Nb (5%), which 
contributes to the hardening mechanisms [Alexandre,2004].    
The alloy composition (Table II. 1) is based on a variety of alloying elements, each of them  
have a specific role to adjust material properties. Some elements, such as Nb, Al and Ti, take 
part in the formation of hardening phases. Others, like Cr, contribute to the oxidation 
resistance, whereas Mo enhances the mechanical resistance of the austenitic matrix at room 




Ni C Cr Fe Nb Mo Ti Al 
Min Base 0.02 17.00 15.00 4.75 2.80 0.75 0.30 
Max Base 0.08 21.00 21.00 5.50 3.30 1.15 0.70 
Table II. 1 : Chemical composition of Inconel 718 alloy (% weight). 
The strengthening effects are ensured by the precipitation of the γ” phases, Ni3Nb, with a 
body centred tetragonal (D022) crystal structure and an average size in the range 200-600 Ǻ 
(Figure II. 1).  The precipitates are coherent disk-shaped particles that form with an 
approximate thickness of 50-90 Ǻ. In Inconel 718, the main contribution to hardening is 
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related to the coherency strains between γ” and the matrix. The crystal parameter misfit 
becomes more significant (~3%) along the tetragonal axis, as compared to the strain obtained 
on the plane of the disk (~1%). This element provides a higher strength than that associated 
to a traditional LI2 precipitate such as γ’. The precipitates have the following orientation 
relationship with the matrix: ([ 011
−
]γ // [ 011
−
]γ” and  (111)γ // (112)γ” where the c axis of the 
tetragonal cell could be aligned along the three <001> directions of the matrix. In such a 
way, three variants of γ” can be detected in agreement with the following orientations: 
Variant 1: [001] γ” //[001]γ; Variant 2: [001] γ” //[010]γ; Variant 3: [001] γ” //[100]γ [Strondl 
et al.,2008; Niang,2010]. Figure II. 1 illustrates the morphology of the three variants of γ” 
phases Figure II. 1(b). 
                
Figure II. 1 : Unit cell of DO22 structure (γ”-Ni3Nb) structure and arrangement of atoms in the (111) 
plane (a) [Sundararaman et al.,1994], various variants of γ” phases detected in Inconel 718 
microstructure (b) [Alexandre,2004]. 
The strengthening mechanism is completed by the presence of  the γ’ phase , which is  
common to all nickel based superalloys, displaying a primitive L12 structure (Figure II. 2)  
with Aluminium atoms at the cube corners and Nickel atoms at the centres of the faces. 
      
Figure II. 2 :Unit cell of LI2 (γ’) precipitates and distribution of atoms on the (111) close packed plane (a) 
[Andrieu,1987], TEM image in dark field conditions of γ’ and γ” particles (b) [Bor et al.,2010]. 
In the austenitic superalloys, the γ’ and γ” (A3B) precipitates, due to a stacking sequences 
similar to that of the matrix, are the only phases prone to exhibit a homogeneous and 
coherent precipitation. The alloy contains about 15% of γ” and 4% of γ’: the γ” precipitates 
ensures a high resistance to the shearing, providing higher coherency hardening, but they are 
less stable at high temperature where δ precipitates form, with same composition (Ni3Nb). 
This phase is based on a orthorhombic structure (type D0a) and precipitates for temperatures 
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ranging between 700°C and the solvus temperature (990°C) (Figure II. 3). Delta phase 
generally appears in the shape of plate, although the occurrence of a globular morphology 
was reported in previous works [Ponnelle,2001]. In general, δ phase shows an intergranular 
precipitation at grain or twin boundaries, which contributes to control the grain size. 
However, an intragranular precipitation may occur in association with the pre-existing γ” 
precipitates. [Azadian,2004] 
                   
Figure II. 3 : Unit cell of DOa (δ –Ni3Nb) structure (a) [Sundararaman et al.,1994], needle-like 
morphology of delta precipitates at the grain boundaries (b). 
The atomic cell associated to δ phase, where the (010) plane is the closed packed plane, 
shows a rectangular arrangement of niobium atoms identical to that obtained for the γ” 
structure. However, whereas the γ” precipitates displays a stacking sequence ABCABC, the δ 
phase structure shows a two layers stacking sequence ABABAB. Kirman [Kirman et 
al.,1970] reported that the nucleation of the intragranular δ platelets could be connected to 
the occurrence of stacking faults in the metastable γ” structure. These conditions can be 
associated to the shearing mechanism operated by the motion of dislocations on every 
alternate (111) plane, which results in the creation of ABABAB type layers, characteristic of 
the crystal structure of the δ phase. This mechanism enhances the nucleation and growth of δ 
through several γ” planes.  
In addition to the hardening phases, the alloy is enriched with some carbides which 
precipitate during the heat treatments. The solubility of carbon in the austenite is limited by 
the high content of carbide forming elements (such as W, Ti, Mo and Nb). The high niobium 
content improves the formation of the Nb rich MC phases. Those carbides appear as globular 
and irregularly shaped particles (average size 1-5 µm), generally, at grain boundaries or 
along incoherent segments of twin boundaries. An over-aging treatment or an extended 
service exposure at high temperature induces their transformation into secondary carbides 
(such as M6C or M23C6 where M is the metallic element), which continue to precipitate at the 
grain boundaries [Ponnelle,2001].   
Earlier investigations have demonstrated that carbides do not enhance the hardening 
mechanism. Nevertheless, there is some evidences that carbide precipitates strongly influence 
the fracture mode of the alloy,  promoting an intergranular damage through micro-cracking at 
the interface between the carbide and the matrix.[Sundararaman et al.,1997] 
To complete this description of the Inconel 718 metallurgy, it is worth to mention the 
possible presence of σ and µ phases, brittle intermetallic precipitates, with irregular globular 
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shapes, resulting in detrimental effects on the mechanical properties. The volume fraction of 
these phases has to be thoroughly controlled during the metallurgical processes: for 
aeronautical applications their precipitation is strategically avoided. [Donachie,2002] 
 
IX Secondary phases and strengthening effects 
The mechanical properties of Inconel 718 alloy are based on a precipitation strengthening 
mechanism which is controlled by the size, the morphology, the volume fraction and the 
distribution of the hardening phases (γ’,γ”). These microstructural features could be 
optimized by an appropriate choice of thermal treatment parameters, having a strong impact 
on the mechanical properties. 
The nickel based superalloys are particularly sensitive to the effect of the thermal 
treatment. A double steps process, including a solution annealing followed by a precipitation 
ageing process, is generally used for the optimisation of these materials. 
The solution annealing consists in dissolution of the second phases in order to prepare the 
alloy to the subsequent ageing. The dissolution could be partial or total as a function of 
temperature and the holding time used for the treatment. In the case of Inconel 718, the main 
objective of this preliminary step is an optimization of the content of Ni3Nb which may 
precipitates as γ” or δ phase. The annealing process is followed by a rapid quenching which 
contributes to retain, at room temperature, the supersaturated solid solution. Traditional 
cooling methods include oil and water quenching, as well as various forms of inert gas or air 
cooling. Inconel 718 is usually solution annealed near the delta solvus: as reported before, 
these precipitates are used to control the grain size in wrought alloys by a pinning mechanism 
of grain boundaries. For this reason the choice of the annealed conditions (temperature, time 
and cooling rate) is associated to the applications and to the required mechanical properties. 
In the aeronautical field, Inconel 718 is used for its high mechanical strength and fatigue 
resistance. For this scope, a solution treatment of 1 hour at 955°C, slightly below the delta 
solvus, ensures high mechanical properties by a specific control of the delta phase content 
and morphology. 
After solution treatment, a two stages ageing is commonly applied. The ageing procedure 
contributes to the strengthening of the alloy by a precipitation of γ’ and γ” phases from the 
supersatured matrix. The precipitation temperatures determine not only the type but also the 
size distribution of the precipitates. A double ageing treatment is usually applied to wrought 
superalloys in order to control the morphology of the strengthening phases and the carbides 
size. 
In Inconel 718, the precipitation is based on a double ageing procedure with sequentially 
lowered temperatures. A preliminary step, at 720°C for 8 hours, induces a significant 
precipitation of the strengthening phases. The second ageing at 620°C for 8 hours, 
contributes to optimise the precipitates size. A cooling cycle at 50°C/h is employed between 
the two isothermal processes. 
The procedure, schematically drawn in Figure II. 4, constitutes the standard cycle of 
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thermal treatment used for Inconel 718. In the industrial practice, the precipitation treatments 
are selected in order to find the better compromise between the microstructural adjustment 
and the industrial costs. 
 
Figure II. 4 : Standard cycle of thermal treatment adopted for Inconel 718. 
Figure II. 5(a) shows the microstructure obtained by the application of this treatment. The 
average grain size is in the range 10-12 µm. Needle-like δ phase precipitates decorate grain 
boundaries whereas primary carbides (NbC and TiC) are randomly distributed through the 
matrix (Figure II. 5(b)). 
  
(a)                                                                                    (b) 
Figure II. 5 : Microstructure of Inconel 718 obtained by a standard treatment (a), SEM micrograph of a 
Niobium carbide (b). 
The double ageing treatment does not affect the grain size or the amount of δ phase, but 
strictly controls the distribution of γ’ and γ”. Previous works reported that the preliminary 
ageing step (at 720°C) induces a continuous growth of both γ’ and γ” particles, whereas 
during the second ageing γ” stops growing, while γ’ size continues to increase. Figure II. 6 
reports the TTT diagram of the Inconel 718 alloy, pointing out the effects of the different 
parameters (time, temperature, cooling rate…) on the precipitation. 
During the last 20 years, new modified heat treatments have been developed for Inconel 
718. The main objective is to introduce a tailored microstructure in order to obtain a good 
compromise between grain size, grain boundary structure, specific mechanical performances 
and thermal stability. 
Koul [Koul et al.,1988] has developed a damage tolerant microstructure able to reduce the 
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elevated temperature creep and fatigue crack growth rates. This heat treatment consists in a 
solution treatment at 1032°C followed by a holding time at 843°C for 4h in order to obtain a 
serrated grain boundary structure around acicular δ phase precipitates. The material is 
partially solution treated at 926°C for 1 hour to dissolve the intragranular γ” precipitates and 
is then subject to the conventional double ageing treatment. The resulting microstructure, 
showed in Figure II. 7(a), improves the resistance of the grain boundaries to the sliding 
mechanism induced by the high applied loads. As a consequence, the risks of intergranular 
damage, mainly due to the interaction between the mechanical solicitations and the 
environmental conditions (oxidation), is drastically reduced. 
 
Figure II. 6 : Time-Temperature-Transformation (TTT) diagram of  Inconel 718 [Lingenfelter,1989]. 
The development of alternative thermal treatments was carried out by Guedou [Guedou et 
al.,1994] who investigated the possibility to extend the Inconel 718 applications at 
temperatures above 650°C. The author proposed the application of an over-aging step at 
750°C for 50 hours, as a modification of the standard treatment, in order to obtain an 
improvement of the crack propagation resistance above 650°C. This alternative procedure 
offers clear benefits in terms of damage tolerance through an increase of the precipitates size 
and a modification of the grain boundary morphology, tending to roughen as previously 
identified by Koul.[Koul et al.,1988] 
    
 (a)                                                                           (b) 
Figure II. 7 : Serrated grain boundary morphology obtained by an alternative treatment [Koul et 
al.,1988] (a) , neck lace structure of a Direct Aged Inconel 718 alloy [James,1986] (b). 
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For highest strength levels, an alternative thermal treatment, called Direct Age (DA), was 
developed. Material is subject to larger forging reduction at low temperatures (980°C), is 
then water quenched and finally directly aged.  
By performing forging reduction below the delta phase solvus, a small volume fraction of 
this phase is fractured and dispersed in the matrix during the deformation process thus 
providing resistance to grain boundary migration which allows controlling the final grain 
size. Omitting the conventional solution treatment step increases the hardening rate within 
grains, contributing to the improved strengthening of the alloy. The deformation substructure 
is then stabilized by traditional aging steps, ensuring a 10-20% increase of the tensile 
strength as compared to conventionally processed material.[Warren et al.,2006] 
As previously defined, the Direct Age treatment consists in a thermo-mechanical process, 
based on a hot deformation of the material. Under these conditions, Inconel 718 develops a 
dynamic recrystallization during hot working. The evolution of the dynamic recrystallized 
microstructure (DRX), in polycrystals, starts with an initial nucleation at grain boundaries 
which extends into the non-recrystallyzed volume. The DRX proceeds via a regular 
nucleation at the interface between recrystallized and non-recrystallyzed grains. The process 
results in a non-uniform distribution of dislocations in the microstructure, where regions of 
high dislocation density coexist with almost dislocation free zones.[Horvath et al.,2001] 
The final microstructure consists in a “necklace” structure (Figure II. 7(b)) with large 
warm-worked grains surrounded by very small grains.[James,1986] 
IX.1 Effect of alloying elements on the precipitation behaviour. 
Conventional Inconel 718 alloy is characterized by a large volume fraction of plate-like γ” 
precipitates and a supplementary precipitation of γ’ (Figure II. 8) which determines the high 
mechanical performances of the material. The fraction of these strengthening phases depends 
on the content of the main alloying elements, such as Al, Ti and Nb, which play an important 
role in the precipitation behaviour. [Xie et al.,2010] 
 
Figure II. 8 : Morphology and distribution of the intermetallic hardening phases γ’ and γ” [Ter-
Ovanessian,2011]. 
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Aluminium is the most important element in the formation of γ’ phases. Thermodynamics 
calculations, reported by Fu [Fu et al.,2009], showed that increasing Al content results in an 
increase of the γ’ solvus temperature. However, an excessive amount of this element could 
favour the formation of the σ phases which degrades the alloy stability. For this reason, an 
optimum Al content is fixed in the range 0.5-1%. 
Titanium plays also an important role in the definition of the γ’ composition and 
morphology. This element promotes the transformation of the globular Ni3(Al,Ti) in long 
plate-like particles that form, in some cases, as Widmanstatten structure. An increase of the 
Ti content,  as shown for Al [Fu et al.,2009], induces a decrease of the volume fraction of 
delta phase with no clear modification of the solvus temperature. 
As previously reported, Inconel 718 differs from the other Nickel-base superalloys as it 
contains Nb. This element, essential for strengthening, must be carefully controlled as, at 
high concentration, it enhances the formation of δ phase as the expense of γ”. This 
microstructural fluctuation involves a loose of the mechanical properties (mainly tensile 
strength). From this point of view, the optimum content is limited at a maximum of 5.5%. 
In addition to the precipitates hardening, the matrix can be strengthened by a solid solution 
through the addition of W and Co, which do not show a strong impact on the volume fraction 
of γ’ or δ. According to the previous considerations, the sum of the main alloying elements 
(Al+Ti+Nb), for a traditional Inconel 718, is in the range 5.5-6 at% which corresponds to a 
ratio, (Al+Ti)/Nb, equal to 0.7. [Xie et al.,2005] 
In 1973, Cozar and Pineau [Cozar et al.,1973] designed a modified Inconel 718 alloy 
where the ratio (Al+Ti)/Nb was fixed in the range between 0.9 and 1%. This alternative 
composition transforms the strengthening precipitates into a compact morphology which 
improves the thermal stability of the alloy. Cube shaped γ’ particles are coated with a γ” thin 
shell on each of their six faces (Figure II. 9).  
 
Figure II. 9 : γ’-γ’’ compact morphology in a modified Inconel 781 alloy [Cozar et al.,1973]. 
Conversely to the traditional Inconel 718 behaviour, the compact morphology is prone to 
limit the continuous coarsening of the γ” particles during over-aging (Figure II. 10). The 
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growth of the γ” particles is mechanically blocked by the other two variants of precipitates. 
This specific morphology confers to the material a better stability at high temperature, 
widening the applications of the alloy.[He et al.,1998] 
  
          (a)                                                                                  (b) 
Figure II. 10 : Effect of ageing time on hardness (a) and γ” morphology of standard and modified Inconel 
718 (b) [He et al.,1998]. 
IX.2 The precipitation behaviour in Inconel 718 
Inconel 718 derives its high mechanical properties from a fine dispersion of ordered 
precipitates within a face centred cubic matrix. The understanding of the precipitation 
behaviour is essential to a better optimisation and development of the material. 
The microstructural evolution of the alloy is based on three parameters: 
1. The γ’ and γ” precipitates volume fraction and morphology; 
2. The grain size; 
3. The carbides distribution. 
Considering that the strengthening phases form in specific temperature ranges, a careful 
choice of the heat treatment parameters ensures the control of the quantity and size of these 
precipitates. The nature of the precipitations strongly depends on the initial conditions of the 
material. The degree of residual stress, the amount of delta phase after the solution treatment 
and the segregation of Nb are the main variables to take into consideration. [He,1994] 
The nose of the TTT curve (Figure II. 6) relative to delta phase shows that the precipitation 
occurs at 950°C for much less that 0.2 h. Kirman [Kirman et al.,1970] reported that the delta 
phase grows, as laths, along {111}γ: the small mismatch between the two close-packed 
planes, (010)δ and (111)γ is accommodated by an array of interfacial dislocations. The delta 
precipitates are initially plate-like particles which progressively increase their thickness as 
they consume Nb. Azadian [Azadian et al.,2004] showed that, for a given ageing time, the 
mean plate thickness increases with temperature, while it remains constant with time. 
The presence of delta precipitates does not contribute to the hardening of the alloy, but it 
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leads to a depletion of γ”. The TTT diagram shows that the γ” phase precipitates during 
isothermal ageing in the range 550-900°C. The incubation time for the onset of γ” 
precipitation is the shortest (7 minutes) for temperatures closed to 760°C [He,1994]. 
In a conventional Inconel 718, γ’ and γ” are characterised by a random distribution. 
Different types of precipitates nucleate independently and the strengthening γ” phases are 
rarely in contact with γ’. 
When a double step ageing is applied to the material, it is difficult to determine if γ” 
precipitates prior than γ’. The microstructural investigations, reported in Chapter V, in 
perfect agreement with other works, will point out a simultaneous precipitation of the two 
phases (γ” and γ’) during the isothermal ageing. 
 The isothermal coarsening of γ”, controlled by niobium volume diffusion in the matrix, is 
the most relevant limit for the application of the material at high temperature. At the 
beginning of the ageing process (600 s), the precipitates display a cubic shape which 
becomes elliptical with the increase of the ageing time[He,1994].  
Sundaraman [Sundararaman et al.,1994] reported that the average half-length of these 
particles is linearly related to the cube root of the ageing time. These results are in agreement 
with the coarsening theory presented by Lifshitz, Slyozov and Wagner (LSW Theory), which 
is hypothetically based on a volume diffusion growth. Following these mechanisms, two 
different scenarii are defined: in the case of short ageing period, the density of γ” precipitates 
increases with the aging time, whereas in the case of long period, the density tends to 
decrease. 
In the conditions of high precipitates density, coalescence occurs along the tetragonal axis 
of the particles belonging to the same variant. Han and He [Han et al.,1982; He,1994] 
observed that, during the growing mechanism, the γ” inter-particle distance is progressively 
reduced: The contact between the two boundaries induces the formation of a “neck” which 
causes the coalescence of the two particles and the formation of a new one. The coarsening 
behaviour, which induces a loss of coherency (Figure II. 11) between the precipitates and the 
matrix [Devaux et al.,2008], has a detrimental effect on the mechanical properties and it 
limits the application of the Inconel 718 alloy at a temperature above 650°C. 
 
Figure II. 11 : Morphology evolution of γ’’ precipitates [Devaux et al.,2008].  
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X Deformation mechanisms in Inconel 718 
As discussed above, in Inconel 718, the γ’ and γ” particles are dispersed in the alloy to 
create a strain field that produces some residual micro stresses acting as barriers to the 
dislocation motion, limiting the plastic deformation mechanisms. For γ’ particles, the residual 
stresses derive from the differences in terms of elastic modulus between the precipitates and 
the matrix, whereas for γ” particles, as consequence of its tetragonal structure, a specific 
distortion of the atomic lattice inducing a significant strengthening of the alloy occurs. 
After solution annealing, the material includes a fine a dispersion of solute atoms in the 
austenitic matrix. During subsequent ageing, activating the diffusion of the solute atoms, the 
formation of second phases occurs by nucleation and growth of precipitates.  This process 
results in a continuous variation in the particles sizes and inter-particles distances which 
influences the deformation behaviour. A basic understanding of the mechanical performances 
of Inconel 718 is possible on the basis of the interactions of dislocations with the dispersed 
strengthening particles. For these reasons, the gliding dislocations must overcome a potential 
energy barrier mainly related to the distance between precipitates. 
The dislocations movement can progress following different configurations: Figure II. 12 
reports the evolution of the critical resolved stress as a function of the precipitates diameter, 
showing a shear mechanism below a critical diameter (dC) and a by passing process, above 
the critical distance, due to the formation of the Orowan loops. 
 
Figure II. 12 : Shear stress evolution as a function of hardening precipitates diameter [Hornbogen et 
al.,1981]. 
This latter condition can be achieved by an over ageing treatment. The dispersion size 
exceeds the critical distance and continues to increase with the evolution of the ageing time, 
causing a modification of the stress-strain behaviour. 
Considering the limited size of the γ” precipitates, the shearing mechanism is considered as 
the main deformation process in Inconel 718. A  specific flow stress, equal to the resolved 
shear stress, is required to initiate slip into the grains promoting the following mechanisms 
[Mendoza et al.,1989]: 
• Creation of new dislocations sources and increase of the dislocations density; 
•  Activation of dislocations movement along specific slip systems; 
• Unlocking of the pinned dislocations from obstacles (precipitates, grain 
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These mechanical properties are directly connected to the material microstructure. During 
the solidification, all grains nucleate and grow in different directions causing an individual 
mismatching of each grain with respect to its neighbours. The slip mechanism starts in grains 
favourably oriented in terms of Schmid factor of dislocations slip systems. Slip is 
consequently spread over a series of adjacent grains when dislocations pileups form, 
predominantly at the boundaries, creating a stress concentration which allow the unlocking of 
the pinned dislocations. The dislocations continue moving through the microstructure of the 
material, expanding towards the boundary and moving out.  
In FCC lattice, dislocations slip takes place in {111} planes and <110> directions: this 
mechanism evolves into concentrated slip bands, with a thickness of few thousands of atomic 
distances, that causes the reorganisation of the grain by grain sliding, rotation (twinning), 
fracture or compaction.  When the yielding point is overcome, new dislocations sources are 
activated, increasing the dislocation density. The dislocation movement is impeded by the 
interaction with the new formed dislocations which cause a pinning at the interior points, 
inducing a work hardening process. 
During the slip evolution, the dislocations are expected to interact with the strengthening 
phases (γ”) in different ways: 
1. Shearing operated by perfect dislocations: in this case only the γ” variant, whose c-
axis is parallel to the [001] directions of the austenitic matrix, allows the passage of 
paired dislocations (a/2 [110]) which restore the order along the slip plane and limit 
the high energy anti-phase zones [Xie et al.,2010]. For the other variants 
[Sundaraman et al.,1993]  deformation  may occur by the passage of quadruplets of 
dislocations (of the type a/2 [110]))  which shear the γ” particles  restoring the order. 
This mechanism avoids the creation of stacking faults, but it is difficult to activate. 
 
Figure II. 13 : Schematic representation of the shearing process of γ” precipitates operated by 
quadruplets of dislocations [Sundaraman et al.,1993]. 
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2. Shearing operated by partial dislocations: this mechanism was initially highlighted 
by Kirman and Warrington [Kirman et al.,1970] who studied the dissociation of 
perfect dislocations into two partials separated by a region of stacking faults whose 
width is dictated by γ” staking faults energy. Considering a dissociation of the 
dislocation, at the γ” interface onto Shockley partials, following the mechanism a/2 
[110] => a/6 [211] + a/6 [12
_
1 ], a geometric staking fault is generated on the (111) 
plane of a [001]γ” variant . In such a way, the B1 layer of the DO22 stacking sequence 
A1B1C1 A2B2C2 A1B1C1 A2B2C2 is transformed into A1B1C1A2B2C2 A1C2A1 
B1C1A2B2. This mechanism induces the formation of four successive layers 
(C2A1C2A1) which corresponds to the A3 stacking sequence of the delta phase, which 
nucleates by the growth of these faults into the matrix, replacing the pre-existing γ” 
particles [Sundararaman et al.,1994] (Figure II. 15 (a)). 
δ
 
Figure II. 14 : γ” precipitates shearing operated by partial dislocation where the  a/6 <112>- type shear of 
layer C transform the γ” stacking into δ stacking [Kirman et al.,1970]. 
3. Deformation twinning:  a slip to twin transition occurs in the mode of precipitates 
shearing when the material contains coarse γ” phases (Figure II. 15(b)). This 
mechanism is another example of interaction between partial dislocations and 
precipitates: the passage of Shockley partials on every {111} plane would generate a 
twin orientation with respect to the original crystal lattice. The majority of twins is 
located within the precipitates without any propagation effects into the matrix. The 
value of the critical resolved shear stress (CRSS), required for a twinning to occur, is 
lower in the BCT structure (γ”) than in the austenitic phase (γ) [Fournier et al.,1977; 
Sundararaman et al.,1994]. 
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Figure II. 15 : Staking faults within γ” particles produced dislocations (a), dark field micrograph showing 
distribution of microtwins (b) [Sundararaman et al.,1994]. 
 
The deformation mode in Inconel 718 is strongly influenced by the size of the γ” 
precipitates. The CRSS displays a R-1/2 dependence where the three deformation mechanisms 
depend on the precipitate radii (Figure II. 16). The diagram exhibits a critical size, about 10 
nm, where a slip to twin transition could happen. It is important to point out that the CRSS, 
required for deformation twinning, is lower than the stress associated to the Orowan 
bypassing mechanisms. These considerations justify the profuse and rapid deformation 
twinning of γ”, especially when long aging treatments, inducing particles size increase, are 
applied to the material.  
 
Figure II. 16 : Calculated values of shear stress as a function of γ” particle radius. [Sundararaman et 
al.,1994] 
Depending on the applied loading, the material experiences a specific deformation 
behaviour which has a direct impact on the mechanical performances of the alloy. The 
following sections will focus on the effects of the deformation mechanisms on the tensile and 
fatigue behaviour of Inconel 718.  
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X.1 Tensile behaviour 
The large variety of applications for Inconel 718 derives mainly from its outstanding 
mechanical performances at high temperature. The evolution of these properties is anyway 
influenced by the in-service temperature which can induce structural changes (Figure II. 17). 
 
Figure II. 17 : Evolution of the mechanical properties of Inconel 718 as function of temperature 
[Zemzemi,2007]. 
On the other hand, the mechanical behaviour, for a specific time at a fixed temperature, 
can generate time dependent or time-independent mechanical properties due to the different 
interactions between dislocations and strengthening phases. The microstructural 
investigations reported by Clavel [Clavel,1980] on fractured specimen after tensile tests at 
room temperature, pointed out a deformation mechanism based on a planar slip where the 
slip lines are regularly distributed inside the grains. 
The mechanical static properties are directly dependent on the thermal treatment which is 
initially applied to the material. The distance between precipitates must be optimized by an 
appropriate choice of parameters (solution temperature and ageing time) in order to increase 
the number of barriers acting as obstacle to dislocation motion. 
Decreasing the solution treatment temperature, without changing the ageing time, 
decreases the amount of alloying elements available for the precipitation [Mendoza et 
al.,1989]. Slama [Slama,1993] investigated the effects of the ageing treatment on the tensile 
properties of Inconel 718 in the temperature range between 550-750°C and a holding time 
between 4 and 100h. The evolution of the yield strength (0.2% Y.S) is similar to the ultimate 
tensile strength (U.T.S). For a temperature below 680°C, the Y.S increases with an increase 
of the ageing time and temperature. Fixing an ageing time of 4 hours, the above mentioned 
mechanical properties (Yield strength and Ultimate tensile strength) clearly increase when 
the temperature is raised from 680°C to 750°C (Figure II. 18), enhancing the material 
toughness. 
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   (a)                                                                                       (b) 
Figure II. 18 : Room temperature tensile properties as function of  the aging time at 750°C (a) and 680°C 
(b) [Slama et al.,2005]. 
 In addition to the above considerations, the application of a thermo-mechanical treatment, 
like Direct Age, consisting of ageing right after forging and quenching, provides a significant 
improvement in strength (Figure II. 19) as compared both to the standard treatment (STD) 
and to a modified DA treatment (HS). Inconel 718, in direct age conditions, keeps higher 
mechanical properties over the full range of tensile tests temperatures. This is due, mainly, to 
its smaller grain size and to work hardening effects. 
 
Figure II. 19 : Mechanical tensile properties of Inconel 718 at different processing conditions: DA, direct 
age; HS, high-strength processed; STD standard heat treatment [Krueger,1989]. 
 
X.2 Cyclic Deformation behaviour of Inconel 718 
Fatigue is defined as the damage occurring in a material subject to conditions of cyclic 
stresses and strains possibly leading to complete fracture. Basic information on the cyclic 
stress-train behaviour are provided in the form of hysteresis loops, where the plastic strain 
range, ∆εp, can be determined as the maximum loop width (Figure II. 20). 
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Figure II. 20 : Stable hysteresis loop associated to a cyclic loading [Velay,2003]. 
During fatigue loading, particular transient cyclic phenomena can occur: depending on the 
initial state, material shows either full stability, softening or hardening.  
• Strain hardening is considered as an increase of stress amplitude, with time, during 
constant strain controlled tests. In case of stress controlled tests, this mechanism 
leads to a decrease of the plastic strain amplitude increasing the number of cycles. 
• Strain softening consists of a stress reduction with time during constant strain 
controlled test. The magnitude of the maximum and minimum stress in the 
hysteresis loop is progressively reduced [Clavel et al.,1982]. 
Under cyclic loading, the deformation microstructure consists in spaced arrays of planar 
deformation bands. Xiao [Xiao et al.,2008] reported the existence of two groups of bands 






1) slip planes. This mechanism is enhanced by the low stacking 
fault energy (SFE) in the FCC structure which induce the formation of extended dislocations, 
reducing their tendency to operate cross-slip into other slip planes. In the case of Inconel 718, 
the activation of an array of planar bands is based on a simultaneous activation of multiple 
slip systems, which intersect each others, giving the typical saturated-diamond shaped 
deformation structure in the fatigued specimens (Figure II. 21).  
          
(a)                                                                              (b)    
Figure II. 21 : Group of planar slip bands exhibited in cross section areas of deformed Inconel 718 
specimens respectively at room temperature (a) and 920 K (b) [Xiao et al.,2008]. 
The origins of this heterogeneous deformation process were studied by Worthem 
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[Worthem et al.,1990] who investigated about the development of new dislocation bands at 
a given strain or stress. These studies showed that the complexity of the dislocations 
arrangement, in contrast with the results obtained for copper, strongly depends on the applied 
strain and not on the number of cycles. The nucleation of a new dislocations bands occurs 
when a previous one is locked on obstacles. In terms of energy, it is easier for the system to 
activate a new band rather than progress the deformation along the pre-existing bands. 
Although as the slip bands penetrate the entire grain area, a distribution of dislocations 
sources is detected along the boundaries. They include few compliant sources and a great 
number of stiff sources, able to operate at low and high stresses. After nucleation, 
dislocations are distributed along the bands. As the strain accumulation is progressively 
increased, the movement of dislocations becomes difficult, due to the interaction with the 
precipitates (dislocations pile-up). Furthermore, the interaction mechanisms between 
dislocations and dislocation debris enhance work hardening process based on the 
accumulation of forest dislocations. The hardening effects is explained as a competition 
effect between precipitate shearing, which induces a material softening, and the increase of 
slip bands density, that contributes to the work-hardening of the alloy. 
The cyclic stress response curves, reported in Figure II. 22(a), display at room temperature 
a short period of cyclic hardening at the beginning of the test, especially at higher strain 
amplitudes (∆εt ≥ 0.8%). On the other hand, the comparison between the cyclic behaviour of 
specimens, tested at different temperature, is reported in Figure II. 22(b). The stress evolution 
is clearly different from the room temperature conditions, exhibiting a strong softening from 
the first cycle.  
   
(a)                                                                                     (b) 
Figure II. 22 : Evolution of the cyclic tensile stress with the number of cycles at room temperature for 
different plastic strain (a) and high temperature for a plastic strain amplitude of 0.42% (b) [Fournier et 
al.,1977]. 
Under cyclic loading, the cyclic strain proceeds through the formation of intense slip bands 
which progressively shear the γ” precipitates at room temperature and also at elevated 
temperatures. This process of particles shearing is repeated several times. The size of γ” 
phases is continuously reduced, limiting their interaction with dislocations (Figure II. 23(a)). 
For this reason, the stress required to shear the smaller particles is reduced as the number of 
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cycles increases. The deformation bands are depleted with precipitates, establishing a 
preferential path for dislocations (Figure II. 23(b)) [Xiao et al.,2005]. 
         
                                                   (a)                                                                              (b) 
Figure II. 23 : Dark field micrographs showing sheared precipitates (a) and precipitates-free bands (b) in 
a Inconel 718 specimen deformed at 650°C[Xiao et al.,2005]. 
The most common mode to analyse the LCF test results is to plot the plastic strain range at 
half life ∆εpl against the fatigue life (N). This type of relation is known as the Manson–Coffin 














∆εp /2 is the plastic strain amplitude; 
• εf' is a constant known as the fatigue ductility coefficient 
• N is the number of cycles to failure; 
• c is an empirical constant known as the fatigue ductility exponent, commonly 
ranging from -0.5 to -0.7 for metals. 
At high temperature, the fatigue life is extremely complex because of the occurrence of 
intergranular oxidation effects. Figure II. 24 compares the Manson-Coffin relation evaluated 
at different temperatures, showing a strong reduction of the fatigue performance in the range 
500-650°C.  
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Figure II. 24 : Manson –Coffin relation for Inconel 718 at different temperatures. [Clavel,1980] 
At room temperature, the heterogeneous deformation, just discussed above, is revealed by 
a bilinear Manson coffin relations [Bhattacharyya et al.,1997]; where the fatigue ductility 
exponent is higher for elevated strain than for low strain (Figure II. 25). These effects were 
noticed not only at room temperature but also in the range 125-425°C [Sanders et al.,1981]. 
This dual slope is an effect of strain localization. The amplitude of the plastic strain directly 
depends on the heterogeneity of the deformation. When very high strain amplitude is applied 
to the material, deformation homogeneously evolves through the microstructure, whereas it 
tends to be more localized for lower strain magnitudes [Fournier et al.,1977].  In the first 
regime (high strain amplitude) Inconel 718 exhibits evidence of twinning, which influences 
the hardening effects limited to the early cycles. However, at higher strain amplitude, 
twinning is replaced by the propagation of planar slip bands whose density increases with the 
applied plastic strain amplitude. The heterogeneous nature of the deformation, in contrast 
with the results reported for Waspalloy, is maintained up to 650°.[Clavel,1980] 
 
Figure II. 25 : Dual slope Manson-Coffin relationship for Inconel 718 at room temperature. 
[Bhattacharyya et al.,1997] 
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XI Fatigue damage 
The fatigue damage is one of the primary degradation mechanism that limits the service 
life of Inconel 718 components. In general, the application of a cyclic loading generates the 
initiation of cracks resulting from the interaction between the material microstructure and the 
service conditions loading. 
The fatigue process occurs over a period of time, but the consequent failure can be very 
sudden, even if the involved mechanism has been operating since the preliminary phases of 
the component service. This damaging process tends to be localised in specific zones rather 
than through the entire structure of the material. These areas exhibit higher stresses and 
strains concentrations due to external load transfer, changes in geometry, temperature 
gradients and material defects. The ultimate cause of fatigue failures is associated to the rapid 
crack propagation once, for the specific stress considered, the critical crack size is reached 
(that is the material toughness is reached. 
Generally speaking, the fatigue resistance is affected by the progression of different stages 
of damage, which can be resumed in the following ones [Ellyin,1997]: 
- Sub-structural and microstructural deformation mechanisms causing the nucleation 
of microscopic cracks (Crack Initiation). 
- Stable propagation of the dominant crack (Crack Propagation), generally modelled 
by the Paris law; 
- Structural instability as critical crack size is reached and/or complete fracture. 
 
It is important to point out that the fatigue life, under LCF conditions, is divided into two 
defined sequences: the crack initiation and the crack propagation. The material, as a function 
of its tailored microstructure obtained by a careful choice of the composition and thermal 
treatment, may favour a good crack nucleation resistance or a good microcrack /macrocrack 
growth resistance, but not necessarily both. 
The characteristics of each stage of the fatigue process differently develops as a function of 
the applied load (tension-compression, holding time, strain rate) and the “service” conditions 
(temperature, environment…). The following sections will focus on the causes and 
mechanisms related to the activation and development of the fatigue damage of Inconel 718.  
XI.1 Crack initiation 
This specific stage of the fatigue process was defined by Jacquelin [Jacquelin,1983] as the 
number of cycles needed to propagate the prevalent crack up to a dimension similar to the 
grain size. 
In the LCF range, it is well known that the crack initiation mechanisms are often 
associated with slip band emergence at the free surface of the component [Villechaise et 
al.,2002]. This process is based on an irreversible dislocations movement under cyclic 
loading. Dislocations agglomerate into bundles within the matrix, leading to a localised 
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deformation along persistent slip bands (PSB). The density of these bands increases with the 
cyclic loading and may fill the entire volume of the microstructure, generating a significant 
inelastic strain. 
The space between the PSB and the matrix is characterized by a high strain gradient due to 
the difference of compliance of the two parts. This process results in high shear stresses 
related to the intrusion and the extrusion of the edges of these slip bands. In the case of 
polycrystals superalloys, cracks initiate at the stress concentration zones produced by the net 
extrusion effects, leading to a transcrystaline crack initiation. 
This mechanism of crack initiation, as reported in Figure II. 26(a), is characterized by a 
crack initiation along the plane of maximum shear stress (Stage I): this growth is quite 
limited, usually on the order of some grains, then it becomes predominantly controlled by the 
maximum tensile stress range (Stage II). [Stephens et al.,2001]      
    
                                                (a)                                                                                    (b) 
Figure II. 26 : Stage I and Stage II of  the crack propagation in Inconel 718 as a function of the tensile 
stress direction (black arrows) (a) [Jacquelin,1983],  crack initiation along  slip bands (b) [Fournier et 
al.,1977]. 
The number of cycles required to initiate a crack may be estimated by several methods: the 
equation derived by Tanaka and Mura [Tanaka et al.,1981], particularly suitable for crack 
initiation in Stage I on grains, establishes the dependence between the microstructure of the 




Where AstadeI is a constant, d is the grain size and ∆εp the amplitude of the plastic strain. 
It is clear that the time scale of the Stage I is particularly affected by the grain size and the 
amplitude of the plastic strain. 
In addition to these considerations, previous works discussed the role of carbides on the 
crack initiation. Spath [Spath et al.,2001] observed  the presence of some failures originated 
from carbides near the surface or within the specimen. The effect is common when the 
carbides become as large as the grain size. In some cases a competition for crack initiation 
sssssss 
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processing can occur between carbides and grain boundaries. This phenomenon may be 
observed in the alloy treated by Direct Age, where the high resistance could favour a crack 
initiation on particles. 
Other authors have studied the role of carbides in the determination of LCF life of notched 
Inconel 718 specimens. At lower temperature (20° C and 290° C) the initiation on carbides is 
relevant leading to multiple micro-cracks in the vicinity of the notch because of the 
brittleness of the particles [Bhowal et al.,2005]. 
This mechanism of fatigue initiation, on second phase particles, is particularly significant 
at high temperature, because of the oxidation effects on NbC and TiC. During thermal 
exposure, the onset of NbC oxidation occurs at the outer surface and propagates within the 
carbides. In the case of TiC, oxidation rarely extends into the carbide. However, oxidation 
rate still increases with increasing oxidation time and temperature. Considering the Gibbs 
free energy associated to the oxidation reactions, NbC exhibits a lower value which explain 
its strong facility, compared to TiC, to transform into the oxide [Hong et al.,2005]. Pure 
NbC, in the range between 490°C and 600°C, is extremely prone to form Nb2O5, that is 
polymorphic and potentially observed in various crystalline (orthorhombic and monoclinic) 
and amorphous forms. These mechanisms are characterised by a volume expansion in the 
range 1.96-2.38 [Connolley et al.,2000], appreciated by the Pilling Bedworth ratio. The 
mismatching stresses due to the volume change are sufficiently high to cause plastic 
deformation of the surrounding matrix, forming a plastic zone ranging from 1.6 to 3.4 times 
the particle radius. These mechanisms create local strains high enough to initiate cracks. In 
such a way, the crack surfaces provide a path to further diffuse O2 towards sub-surface 
particles. These primary carbides evolve forming bulge-like defects on the material surface 
(Figure II. 27), limiting the fatigue performances of the alloy. 
 
Figure II. 27 : Bulge-like defect causing crack initiation in alloy 718 [Connolley et al.,2003]. 
In other cases, when primary carbides intersect the surface, the volume expansion results 
in an eruption of the particles on the faces of the specimen (Figure II. 28(a)), as a result of a 
lamellar oxidation. The oxide/carbide interfaces, temporarily created, act as preferential 
oxygen diffusion paths, enhancing the oxide layers, hence initiating a fatigue crack. The 
eruption phenomena depend on the temperature and exposure time as reported in Figure II. 
28(b). 
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                                   (a)                                                                                        (b) 
Figure II. 28 Eruption of oxidised (Nb,Ti)C (a) [Connolley et al.,2003], dependence of thermal exposure 
and temperature on carbides eruption phenomena[Hong et al.,2005]. 
These results confirm the evidence that a volume expansion of oxidising primary carbides 
constitutes a mechanism of environmentally assisted crack initiation, that affects the fatigue 
life of Inconel 718. 
XI.2 Crack propagation 
Once a crack initiates, it may grow as a result of extended cyclic loading. As discussed 
early, the propagation path shows a transition from a growth mechanism along the active slip 
direction (Stage I) to a deviation on a non-crystallographic plane (Stage II) which occurs over 
few grains. The stage II is often considered as corresponding to a continuum mechanism 
which influences the fatigue performances of the alloy. The study and the understanding of 
the mechanisms of Fatigue Crack propagation (FCP) are critical steps in the optimisation of 
the material. A large number of research programs have been carried out over the last fifty 
years, in order to investigate the influence of various parameters on the crack growth. 
The grain size plays an important role not only for crack initiation, but also for damage 
propagation:  Pedron [Pedron et al.,1982] compared the FCG behaviour of three different 
microstructures, using a trapezoidal signal with a hold period of 300 seconds at 650°C 
(Figure II. 29). More precisely, the author compared a fine grained microstructure (ASTM 6-
8) with a coarse grained microstructure (ASTM 3-4) and a necklace microstructure (ASTM 
3-4 and 8-10). Results showed that the necklace structure gives the best properties while the 
worst situation is encountered with the fine grain structure. This last structure is considered 
as the most sensitive to the environmental effects: grain boundaries, as it will be discussed in 
the next section, are considered as oxidation paths prone to accelerate the intergranular 
rupture of the alloy. These considerations were confirmed by a series of tests performed 
under vacuum where all materials exhibited similar behaviour. 
The observations on the necklace resistance to crack propagation are in perfect agreement 
with the studies reported by Lynch [Lynch et al.,1994], who compared the behaviour of a 
direct age Inconel alloy to a standard treatment. Figure II. 30(a) shows that the direct age 
structure exhibits a higher resistance to the crack propagation, when tested under creep-
fatigue conditions. The limited effects of frequency on this specific material derive from its 
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